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HIGHLIGHTS 


•  Combustion  of  methane-syngas  were  studied  in  a  ceramic  surface-stabilized  combustion  burner. 

•  The  present  study  evaluates  a  high  hydrogen  content  syngas. 

•  The  overall  flame  structure  was  visualized  with  OH  chemiluminescence. 

•  Radiation  efficiencies  were  obtained  from  a  radiometer  measurements  methodology. 

•  This  type  of  burner  exhibits  a  great  potential  for  interchangeable  use  of  gas  fuels. 
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The  primary  objective  of  this  work  is  to  study  the  combustion  of  an  equimolar  mixture  of  methane  and 
syngas  (CH4-SG)  in  a  ceramic  surface-stabilized  combustion  burner.  We  examine  the  effects  of  the  fuel 
composition,  the  air-to-fuel  ratio  and  the  thermal  input  on  the  flame  stability,  the  radiation  efficiency 
and  the  pollutant  emissions  (CO  and  NOx).  In  this  study,  we  evaluate  a  syngas  with  a  high  hydrogen  con¬ 
tent  that  is  similar  to  those  obtained  by  coal  gasification  (50-60%  H2)  using  Sasol/Lurgi  gasification  tech¬ 
nology  and  biomass  gasification,  for  example.  To  determine  the  effect  of  the  air-to-fuel  ratio  (2),  the 
burner  performance  is  analyzed  at  2  =  1.4  and  2  =  1.1.  Some  studies  have  reported  optimal  operating  con¬ 
ditions  for  2  =  1.4,  whereas  for  hydrocarbons,  the  proximity  to  stoichiometric  conditions  at  the  2  =  1.1  air- 
to-fuel  ratio  produces  the  highest  possible  laminar  burning  velocity  and  flame  temperature.  The  thermal 
inputs  evaluated  in  this  study  correspond  to  three  values  (1.0, 1.8,  and  2.5  kW)  found  in  household  appli¬ 
ances  and  for  cooking  appliances  in  particular.  The  results  for  this  experimental  burner  design  indicate 
that  the  macroscopic  flame  shape  for  an  equimolar  CH4-SG  mixture  is  approximately  the  same  as  that 
for  CH4.  Moreover,  the  pollutant  concentrations  in  the  flue  gas  are  generally  below  85  ppm  for  CO  and 
15  ppm  for  NOx.  However,  the  thermal  input  and  the  air-to-fuel  ratio  significantly  affect  the  flame  struc¬ 
ture,  the  radiation  efficiency  and  the  pollutant  emissions. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Recent  reports  have  shown  that  industrial  level  combustion 
processes  in  which  the  energy  sources  are  generally  solid,  liquid 
and  gaseous  non-renewable  fuels  have  become  cleaner  and  more 
efficient  through  the  use  of  new  technologies  such  as  heat  recovery 
and  flameless  combustion  [1  . 

Natural  gas  (NG),  which  consists  primarily  of  CH4,  is  commonly 
used  in  household  appliances  such  as  heating  and  cooking  units. 
NG  is  considered  to  be  a  clean  fuel  compared  to  other  fossil  fuels. 
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However,  NG  produces  C02,  CO  and  NOx.  C02  emissions  are  inher¬ 
ent  to  the  combustion  of  fossil  fuels  and  can  only  be  reduced  by 
improving  the  efficiency  of  the  equipment.  CO  is  associated  with 
incomplete  combustion;  thus,  increasing  efficiency  levels  may 
decrease  CO  values  to  near  zero.  NOx  emission  is  inherent  to  com¬ 
bustion  with  air  and  requires  high  temperatures  in  the  reaction 
zone  [2,3]. 

In  Colombia,  NG  consumption  by  the  residential  sector  has 
grown  at  a  rapid  pace  in  recent  years.  Recent  reports  have  shown 
that  in  2012,  460,918  new  households  were  integrated  into  the 
domiciliary  NG  distribution  network  (which  was  double  the 
expected  number  of  households)  for  a  total  of  960,000  new  house¬ 
holds  in  the  last  two  years.  This  growth  is  expected  to  increase  NG 
consumption  further  [4  .  Considering  the  current  conditions  for  the 
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Nomenclature 

SG 

synthesis  gas  or  syngas 

$ 

porosity 

ch4-sg 

equimolar  mixture  of  methane  and  syngas 

A sup 

surface  area  of  burner  (m2) 

2 

air-to-fuel  ratio 

P 

thickness  of  porous  media  (mm) 

Vu 

unburnt  gas  velocity  (cm/s) 

C02rnax 

maximum  C02  fraction  at  stoichiometric  conditions 

SL 

adiabatic  laminar  burning  velocity  (cm/s) 

(CO/C02  )samPie  ratio  of  CO  to  C02,  as  measured  in  the  analyzer 

Po 

thermal  input  (kW) 

nR 

radiation  efficiency 

LHV 

lower  heating  value  (kW  h/m3t),  where  st  denotes  stan- 

POrad 

radiant  power  output  (kW) 

dard 

^air 

air  flow  rate  (slpm) 

Vaisto 

volumetric  air  requirement  for  stoichiometric  combus- 

S 

emissivity  of  the  burner  surface 

tion  (mijmiei) 

G 

Stefan-Boltzmann  constant,  a  =  5.6704  x  10 ~8W/m2I<4 

Wo 

Wobbe  index  based  on  high  heating  value  (kWh/m3t) 

T 

1  sup 

temperature  at  the  surface  of  the  burner  (I<) 

Tad 

adiabatic  flame  temperature  (K) 

exploration  and  exploitation  of  NG  resources,  supply  forecasts  esti¬ 
mate  that  Colombian  fuel  reserves  will  be  exhausted  in  the  next 
18  years  [5  . 

Consequently,  previous  research  has  focused  on  increasing  pro¬ 
cess  efficiencies  and  developing  alternative  fuels,  which  is  of  great 
interest  to  countries  and  regions  with  reserves  of  other  alternative 
energy  sources.  Synthetic  gas  (syngas,  SG )  obtained  from  the  gasifi¬ 
cation  of  coal  and  biomass  is  considered  to  be  one  of  the  most 
promising  alternative  fuels  in  developed  and  developing  countries 
[6-8  .  Syngas  is  expected  to  play  an  important  role  in  diversifying 
the  energy  supply  in  Colombia,  which  has  the  highest  carbon 
reserves  in  Latin  America  and  considerable  availability  of  organic 
waste  and  biomass  for  gasification  in  rural  areas  [9  .  However, 
depending  on  the  type  of  reactor  and  the  gasifying  agent,  syngas 
generally  has  lower  heating  values  between  1.0  and  ~2.61<Wh/ 
m3  and  Wobbe  index  values  between  1.5  and  ~4  kW  h/m3,  which 
are  very  low  compared  to  the  values  for  pure  CH4  (9.425  kW  h/ 
m3  and  14.09  kW  h/m3,  respectively).  Thus,  there  is  a  strong  global 
effort  to  burn  mixtures  of  conventional  fuels  and  syngas,  which 
also  provides  alternatives  to  increase  the  use  of  available  fuels  [10]. 

Systems  that  include  preheating  of  the  reactant  mixture  have 
been  shown  to  increase  the  stability  range  and  facilitate  effective 
combustion  in  these  fuel  mixtures  [11,12  .  One  way  of  designing 
a  burner  with  internal  heat  recirculation  is  to  stabilize  a  premixed 
flame  on  the  surface  of  porous  inert  media  [13,14  .  The  energy 
released  by  the  reaction  is  transferred  to  the  porous  surface,  which 
in  turn  emits  the  energy  to  its  surroundings  (such  as  in  radiant 
burners)  and  conducts  the  energy  upstream  to  preheat  the  reac¬ 
tants  in  the  preheat  zone.  Since  the  1990s,  many  studies  have 
shown  the  benefits  of  using  this  technique  in  combustion  pro¬ 
cesses  with  high  thermal  powers  [13,15-17  .  Recent  studies  have 
demonstrated  that  these  benefits  (high  thermal  efficiencies,  low 
pollutant  emissions  and  fuel  interchangeability)  can  also  be 
obtained  at  low  thermal  powers  [13,18,19].  Yu  et  al.  [20]  studied 
the  behavior  of  a  5.8-kW  surface-stabilized  combustion  burner  in 
a  water  heater  fueled  with  NG.  The  burner  surface  consisted  of  a 
perforated  steel  plate  (AISI  304)  with  a  porosity  of  83%.  Low  pollu¬ 
tant  emissions  and  high  efficiencies  (~79.7%)  were  achieved  by 
operating  the  burner  at  an  air-to-fuel  ratio  slightly  higher  than 
1.3.  Recently,  the  same  authors  [21]  evaluated  a  similar  device 
but  varied  the  material  of  the  burner  surface  using  perforated  steel 
(31%  porosity)  and  ceramic  aluminum  oxide  plates  (49.5%  poros¬ 
ity).  Using  a  ceramic  surface  increased  the  thermal  efficiency  to 
nearly  85%  but  did  not  significantly  change  the  emissions  levels. 
Keramiotis  et  al.  [22]  also  obtained  low  pollutant  emissions  levels 
using  an  alumina  ceramic  burner  fueled  with  NG  and  LPG.  The 
authors  evaluated  the  CO  and  NOx  emissions  for  two  thermal 
power  levels  (4  kW  and  8  kW)  and  three  air-to-fuel  ratios  (1.2, 
1.4  and  1.6).  In  all  of  the  cases  considered,  the  emissions  were 


considerably  reduced  for  air-to-fuel  ratios  greater  than  1.2,  which 
is  in  agreement  with  a  previous  study  by  Yu  et  al.  [20,21  .  Both 
fuels  yielded  CO  and  NOx  concentrations  of  10  ppm  and  5  ppm, 
respectively.  The  ceramic  burners  also  improved  the  flame  stability 
by  allowing  interchangeability  between  natural  gas  and  LPG.  Wu 
et  al.  [23]  studied  the  performance  of  a  metal  surface-stabilized 
combustion  burner  in  a  cooking  appliance  and  found  that  the  ther¬ 
mal  efficiency  was  higher  than  that  of  a  conventional  Bunsen  bur¬ 
ner.  However,  the  thermal  efficiency  was  lower  than  those 
reported  for  ceramic  burners. 

The  primary  objective  of  this  study  is  to  compare  the  combus¬ 
tion  of  CH4  with  an  equimolar  mixture  of  CH4  and  SG  in  a  ceramic 
surface-stabilized  combustion  burner.  We  examine  the  effect  of 
the  fuel  composition,  the  air-to-fuel  ratio  and  the  thermal  power 
input  on  the  flame  stability  and  pollutant  emissions.  We  evaluate 
a  high  hydrogen  SG  similar  to  those  obtained  from  coal  gasification 
by  Sasol/Lurgi  gasification  [24]  and  biomass  gasification  [25  .  To 
determine  the  effect  of  the  air-to-fuel  ratio  (2),  the  burner  perfor¬ 
mance  is  analyzed  at  2  =  1.4  and  2  =  1.1.  Some  studies  have 
reported  optimal  operating  conditions  for  air-to-fuel  ratios  values 
near  1.4  [20],  whereas  2  =  1.1  offers  the  advantage  of  being  near 
the  stoichiometric  conditions  at  which  hydrocarbons  have  the 
highest  possible  SL  and  Tad. 


2.  Experimental  methodology 

2 A.  Operation  modes  of  a  surface-stabilized  combustion  burner 

The  operation  of  a  surface-stabilized  combustion  burner  can  be 
characterized  using  the  ratio  of  the  laminar  burning  velocity  of  the 
fuel  to  the  unburned  gas  velocity.  When  Va  is  lower  than  SL}  the 
flame  propagates  upstream  until  the  flame  reaches  the  burner  sur¬ 
face.  The  flame  is  then  cooled  by  the  burner,  which  reduces  SL  until 
it  equals  Va.  Finally,  a  flat  flame  stabilizes  close  to  or  even  partly 
within  the  burner,  as  shown  in  Fig.  la.  The  flame  temperature  is 
reduced,  which  significantly  decreases  the  production  of  thermal 
NOx.  The  energy  emitted  by  the  flame  heats  the  porous  media, 
which  radiate  the  energy  to  the  surroundings  and  preheats  the 
unburned  gas.  A  second  operation  mode  is  identified  when  Vy 
increases  to  values  near  SL.  Bouma  [26]  showed  that  two-fold  flame 
behavior  occurs  under  this  condition.  There  are  regions  where  Va 
exceeds  SL.  In  these  regions,  a  Bunsen-type  flame  occurs,  and  the 
distance  between  the  flame  and  the  burner  surface  increases.  Con¬ 
sequently,  the  burner  surface  temperature  decreases.  At  other 
positions,  the  flame  stabilizes  close  to  the  burner  and  heats  the 
surface,  as  shown  in  Fig.  lb.  Under  this  operation  condition  (i.e., 
~VulSL  >  1 ),  the  flame  temperature  is  expected  to  increase, 
changing  the  NOx  emissions  from  those  produced  in  the  former 
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Fig.  1.  A  representation  of  the  operation  mode  of  a  surface-stabilized  combustion  burner,  (a)  Va  lower  than  SL;  (b)  SL  lower  than  Vu.  1  -  heat  loss  from  the  flame  to  the  burner. 
2  and  3  -  heat  transfer  from  the  burner  to  the  unburned  gas.  4  -  heat  transfer  from  the  burner  surface  to  the  surroundings. 


operation  mode  (i.e.,  ~VulSL  <  1).  When  Va  is  much  higher  than  SLy 
the  flame  blows  out. 

Vu  is  determined  using  the  following  relationship  between  VU} 
Po,  LHV,  2  and  Va>st0. 

''•'=oo28js5w"+Ai'“"'  <’> 

Eq.  (1)  shows  that  a  change  in  the  fuel  composition  affects  Va  via 
the  fuel  energy  content  and  the  air  quantity  requirements.  There¬ 
fore,  these  two  variables  are  expected  to  have  strong  effects  on 
the  burner  operation  when  CH4-SG  is  used.  These  two  variables 
should  also  affect  SL  and  Tad. 


2.2.  Experimental  configuration 

Fig.  2  is  a  schematic  of  the  experimental  configuration  that  was 
used  to  measure  the  temperature  profiles  inside  the  porous  media 
and  the  pollutant  emissions  concentrations.  The  burner  consisted 
of  four  components:  the  porous  media  (h),  a  cavity  for  inserting 
an  insulating  ceramic  mat  (f),  a  slit  for  inserting  the  thermocouples 
(1)  and  a  mixing  chamber  (e).  The  porous  media  consisted  of  a 
cylindrical  ceramic  honeycomb  that  was  64  mm  in  diameter  with 
a  nominal  cell  density  of  400  square  cells  per  square  inch.  The 
hydraulic  diameter  of  the  unit  square  cell  was  0.75  mm,  and  the 
fraction  of  the  open  frontal  area  was  34.8%.  The  ceramic  consisted 
primarily  of  alumina  and  had  a  thickness  of  25  mm. 
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Fig.  2.  Schematic  of  the  experimental  setup  used  to  measure  the  temperature  profiles  inside  the  porous  media  and  pollutant  emissions  concentration  showing  a  -  rotameters, 
b  -  fuel  mixer,  c  -  fuel  line,  d  -  air  line,  e  -  mixing  chamber,  f  -  cavity  for  inserting  the  insulating  ceramic  mat,  g  -  mixture  sample  to  verify  aeration  rate,  h  -  porous  media, 
i  -  chimney,  j  -  probe,  k  -  digital  camera,  1  -  slit  for  inserting  thermocouples,  m  -  flat  flame  and  n  -  combustion  products. 
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Table  1 

Composition  (%vol.,  dry)  and  properties  of  the  fuel  mixtures. 


Components 

SG 

ch4 

ch4-sg 

h2 

55 

— 

27.5 

CO 

30 

- 

15 

co2 

15 

- 

7.5 

ch4 

- 

100 

50 

LHV 

2.550 

9.425 

5.987 

Wo 

3.810 

14.089 

8.944 

V a, sto 

2.023 

9.520 

5.712 

The  fuel  and  air  entered  the  mixing  chamber  separately.  High- 
purity  certified  gases  (99%  purity)  were  used  to  simulate  the  fuels: 
Table  1  lists  the  volumetric  compositions  and  combustion  proper¬ 
ties  of  these  gases.  The  combustion  properties  include  the  LHV ,  Wo 
and  Va'St0.  The  addition  of  SG  to  CH4  in  equimolar  proportions 
reduced  the  LHV  by  36.5%  and  Va>st0  by  40%.  The  Wobbe  Index 
(Wo)  is  used  as  the  industry-standard  gas  interchangeability 
parameter  because  it  indicates  the  relative  amount  of  energy  flow¬ 
ing  through  a  section.  Acceptable  modifications  to  the  Wo  vary  by 
country  but  generally  fall  between  ±3%  and  ±10%  [27  .  In  this 
study,  the  Wo  value  decreased  by  36.52%  when  syngas  was  added 
to  CH4. 

The  air  was  supplied  by  an  air  compressor  and  dried  using  two 
inline  water  traps.  Each  air-to-fuel  ratio  and  thermal  input  were 
ensured  using  rotameters  that  were  specifically  calibrated  for  each 
component  gas,  similar  to  those  used  in  [28,29  .  The  errors  in  the 
final  composition  were  estimated  to  be  lower  than  2%.  Fig.  2  shows 
that  the  fuel  component  streams  (H2,  CO,  C02  and  CH4)  were  joined 
in  the  fuel  line  using  an  external  mixer  device  (b). 

A  chimney  (/)  was  placed  at  the  top  of  the  burner  to  facilitate 
the  sampling  by  a  water-cooled  stainless-steel  probe  (j)  to  measure 
the  02,  CO,  C02,  and  NOx  concentrations  in  the  combustion  prod¬ 
ucts.  The  sample  was  cleaned  and  dried  before  reaching  the  analyz¬ 
ers.  The  analytical  instrumentation  included  a  paramagnetic 
analyzer  for  the  02  measurements,  non-dispersive  infrared  gas 
analyzers  (SICK  MAIHAK  s710  analyzers)  for  the  CO  and  C02  mea¬ 
surements  and  a  chemiluminescent  analyzer  for  the  NOx  measure¬ 
ments  (THERMO  SCIENTIFIC  42i-HL  analyzer).  The  relative 
measurement  errors  were  6%  for  CO,  3%  for  C02,  3%  for  02  and 
approximately  5%  for  NOx.  Air  dilution  of  the  samples  required 
that  the  CO  emissions  be  adjusted  to  yield  air-free  measurements. 
This  adjustment  was  performed  by  substituting  the  measured  C02 
emissions  into  the  following  equation. 

CO  air-free  =  C02max  (CO/CO  2)samp/e  (2) 

Due  to  the  composition  of  the  fuels  used,  it  is  expected  that  the 
addition  of  SG  to  CH4  in  equimolar  proportion  affects  other  impor¬ 
tant  pollutants  like  unburned  hydrocarbons  and  C02.  However  in 
this  work  only  CO  and  NOx  emissions  are  analyzed.  These  two 
pollutants  are  frequently  cited  as  a  significant  cause  of  human  dis¬ 
eases,  especially  at  indoor  conditions  [30,31  . 

The  temperature  profiles  within  the  porous  media  were  mea¬ 
sured  using  33-pm  wire-diameter  S-thermocouples  (T@0  mm 
and  T@6  mm)  and  K-thermocouples  (T@12mm,  T@8  mm  and 
Tin)  positioned  along  the  centerline,  as  shown  in  Fig.  3.  Thermal 
equilibrium  was  established  among  the  thermocouple  hot 
junction,  the  gas,  and  the  solid  phase;  thus,  the  measurements 
provided  by  these  sensors  should  be  interpreted  as  the  mean  tem¬ 
peratures  of  the  gas  and  solid  phases.  The  desired  air-to-fuel  ratio 
and  the  thermal  input  were  initially  set  with  the  flame  ignited  at 
the  burner  top.  The  flame  front  stabilized  in  the  surface  burner 
and  heated  the  porous  media,  as  indicated  by  the  rising  tempera¬ 
tures  in  the  thermocouples  for  which  the  relative  errors  were 
approximately  1%. 


The  radiation  efficiencies  were  investigated  separately.  Porous 
media  without  thermocouple  perforations  were  used  to  measure 
the  radiation  efficiency  to  avoid  radiation  from  the  thermocouples. 
For  this  same  reason,  the  chimney  for  collecting  the  combustion 
products  was  removed.  The  total  radiative  output  was  obtained 
by  measuring  the  heat  flux  distribution  using  a  similar  method 
as  that  developed  by  Mital  et  al.  [32,33].  In  this  method,  the  heat 
flux  distribution  is  measured  over  a  domain  parallel  to  the  burner 
surface,  as  shown  in  Fig.  4.  A  circular  measurement  domain  was 
used  because  the  burner  had  a  circular  shape,  and  the  domain  size 
was  selected  such  that  the  heat  flux  measurements  at  the  edge 
were  close  to  the  background  values.  To  exploit  symmetry,  the  cir¬ 
cular  plane  was  divided  into  four  quadrants.  The  measurements 
were  taken  for  only  one  quadrant,  which  was  subdivided  into 
smaller  circles  according  to  the  size  of  the  radiometer,  as  shown 
in  Fig.  5  (i.e.,  heat  flux  measurements  were  taken  in  each  of  the 
smaller  circles).  The  total  radiant  power  output  was  obtained  by 
multiplying  the  total  heat  flux  by  the  area  of  the  domain.  The  radi¬ 
ative  flux  was  measured  using  a  14°-view-angle  radiometer 
(Hukseflux  Corporation,  model  SBG01).  The  transducer  was  a  LI 
19  (Hukseflux  Corporation)  with  a  relative  error  of  approximately 
4%.  The  radiometer  was  placed  at  a  sufficient  distance  from  the 
exhaust  gases  (LR)  to  eliminate  convective  heat  transfer.  However, 
a  water  refrigeration  system  was  used  at  the  radiometer  walls  to 
isolate  the  radiometer  from  convective  heat  transfer;  thus,  the 
radiometer  was  only  sensitive  to  the  radiant  energy  input. 

The  radiation  efficiency  (nR)  is  defined  as  the  ratio  between  the 
total  Porad  and  Po: 

nR  =  Pomd/Po  (3) 

To  obtain  various  flame  properties,  such  as  the  luminosity, 
structure  and  size,  flame  photographs  and  chemiluminescence 
photographs  were  directly  captured  using  a  digital  camera  and 
an  ICCD  camera,  respectively.  The  ICCD  camera  was  a 
1024  x  1024-pixel  Princeton  PI-MAX  and  was  equipped  with  a 
band-pass  filter  that  was  calibrated  for  the  CH  wavelength  (387- 
430  nm).  The  exposure  time  was  maintained  constant  to  ensure 
that  the  digital  and  ICCD  cameras  had  the  same  responsivity  for 
all  of  the  burner  configurations. 

3.  Results  and  discussion 

In  this  section,  the  experimental  results  are  presented  and  dis¬ 
cussed  in  four  main  subsections  corresponding  to  the  experimental 
configurations  described  in  the  previous  section:  the  temperature 
profile,  the  radiation  efficiency,  the  flame  structure  and  CO  and 
NOx  emissions.  The  results  in  some  subsections  are  used  to  explain 
the  results  from  other  subsections. 

3.1.  Temperature  profile  inside  porous  media 

Fig.  6  shows  the  temperature  profiles  obtained  in  the  porous 
media  for  2  =  1.1  and  2  =  1.4  for  operation  at  1.0  kW,  1.8  kW  and 
2.5  kW  using  both  CH4  and  CH4-SG.  For  2=1.4  at  1.8  kW  and 
2.5  kW,  stable  flames  could  not  be  obtained  for  CH4  and  CH4-SG. 
The  distances  shown  in  Fig.  6  were  measured  across  the  porous 
media,  where  25  mm  corresponds  to  the  porous  media  inlet  and 
0  mm  corresponds  to  the  outlet  surface. 

The  temperature  increased  significantly  as  the  mixture  passed 
through  the  porous  media.  The  temperature  measured  at  the  bur¬ 
ner  outlet  surface  ranged  between  approximately  560  and  1000  K. 
However,  at  the  porous  media  inlet,  the  temperature  measure¬ 
ments  varied  by  approximately  80  K  between  different  tests 
because  of  radiation  from  the  porous  media. 
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Fig.  4.  Schematic  of  the  experimental  setup  used  to  measure  the  radiation  efficiency,  c  -  fuel  line,  d  -  air  line,  m  -  flat  flame,  n  -  combustion  products,  o  -  measurement 
domain  and  p  -  radiometer. 


Measurement  domain 


Fig.  5.  Measurement  domain  of  the  radiative  heat  flux  showing  1  -  the  measure¬ 
ment  point  and  2  -  the  measured  value  close  to  the  background  value. 


Fig.  6.  Temperature  profiles  within  the  porous  media  for  different  fuels,  aeration 
rates  and  thermal  inputs.  The  distances  are  measured  across  the  porous  media, 
25  mm  corresponds  to  the  porous  media  inlet  and  0  mm  corresponds  to  the  outlet 
surface. 


Adding  SG  to  CH4  reduced  the  LHV  by  36.5%  and  Va>st0  by  40%,  as 
discussed  in  Section  2.2.  Eq.  (1)  shows  that  using  a  CH4-SG  mixture 
with  fixed  2  and  Po  values  should  decrease  Vu  (see  Table  2).  Thus, 
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Table  2 

The  Vu  and  VU/SL  for  the  fuels,  the  aeration  rates  and  the  thermal  inputs. 


Fuel 

2 

Po 

Vu 

VuISl 

ch4 

1.1 

1.0 

30.44 

0.89 

ch4-sg 

30.43 

0.69 

ch4 

1.1 

1.8 

54.80 

1.58 

ch4-sg 

54.77 

1.24 

ch4 

1.1 

2.5 

76.11 

2.20 

ch4-sg 

76.06 

1.72 

ch4 

1.4 

1.0 

38.02 

1.88 

ch4-sg 

37.58 

1.39 

ch4 

1.4 

1.8 

68.44 

3.38 

ch4-sg 

67.65 

2.51 

ch4 

1.4 

2.5 

95.05 

4.70 

ch4-sg 

93.96 

3.48 

Fig.  7.  Laminar  burning  velocities  for  CH4,  SG  and  CH4-SG. 


Aeration  rate,  A 


Fig.  8.  Adiabatic  flame  temperatures  for  CH4,  SG  and  CH4-SG. 


Fig.  7  shows  the  numerical  and  experimental  results  for  SL  for 
CH4  and  CH4-SG.  These  results  were  obtained  using  the  same 
numerical  and  experimental  methodologies  implemented  in  previ¬ 
ous  studies  [28,34-36  .  Fig.  8  shows  the  adiabatic  flame  tempera¬ 
ture.  The  numerical  calculations  for  SL  and  Tad  were  performed 
using  the  GriMech  3.0  reaction  mechanism  [37]  and  the  PREMIX 
and  EQUIL  premixed  flame  codes  from  the  CHEMKIN-PRO  package 
at  ambient  temperature  (298  K)  and  pressure  (952  mbar).  The 
experimental  method  was  employed  to  confirm  the  reaction  mech¬ 
anism.  Figs.  7  and  8  show  SL  and  Tad  for  SG  to  visualize  the  effect  of 
both  the  fuels  on  the  CH4-SG  mixture. 

Figs.  7  and  8  show  that  adding  SG  to  CFI4  produced  a  mixture 
that  behaved  similarly  to  CFI4  in  terms  of  SL  and  Tad.  Recently,  Park 
et  al.  [38  showed  that  the  reactivity  of  a  hydrocarbon-hydrogen 
mixture  can  be  reduced  because  high  amounts  of  methyl  radicals 
produced  from  hydrocarbons  can  readily  recombine  with  atomic 
hydrogen  and  reduce  the  rate  of  the  H  +  02^0  +  0H  branching 
reaction,  which  in  turn  greatly  affects  the  reactivity  and  hence,  SL 
and  Tad. 

The  laminar  burning  velocity  of  CFI4-SG  clearly  increased  over 
that  of  CH4  but  not  as  significantly  as  expected.  Thus,  the  ratios 
V\j/SL  for  CF14  and  CH4-SG  were  slightly  different  and  close  to  unity 
(see  fable  2).  The  differences  were  approximately  10%,  which  did 
not  appear  to  have  a  significant  effect  on  the  operation  of  the  sur¬ 
face-stabilized  burner  in  terms  of  the  temperature  profile  at 
2  =  1. 1/1.0  kW,  2  =  1.1/1. 8  kW  and  2  =  1. 4/1.0  kW. 

The  difference  in  the  temperature  profile  between  CFf4  and 
CH4-SG  at  2  =  1.1/2. 5  kW  can  be  explained  by  the  high  Vu/SL  ratio 
for  CF14,  which  indicates  that  Vu  exceeded  SL  by  approximately 
two-fold,  thereby  reducing  the  heat  losses  from  the  flame  to  the 
burner  surface  compared  to  CH4-SG.  Flowever,  as  we  will  discuss 
later,  the  visual  appearances  of  the  flames  were  similar. 

At  2  =  1.4/1. 8  kW  and  2  =  1.4/2. 5  kW,  stable  flames  could  not  be 
obtained  for  CH4  and  CH4-SG.  At  2  =  1 .4/1 .8  kW,  the  top  view  of  the 
flames  showed  a  cellular  structure,  and  the  side  view  showed  a 
considerable  detachment  distance,  as  presented  in  the  section  on 
the  flame  structure  (Section  3.3).  At  2  =  1.4/2. 5  kW,  the  flames  blew 
out.  These  two  operation  conditions  for  both  fuels  were  attributed 
to  the  high  VulSL  ratio,  which  were  2.5  and  4.7  for  the  lowest  and 
highest  cases,  respectively. 

As  expected,  increasing  the  thermal  power  decreased  the  pre¬ 
heating  temperature  for  a  given  air-to-fuel  ratio.  This  result  can 
be  explained  by  the  increased  VulSL  ratio  that  caused  the  flame 
front  to  move  further  downstream  from  the  burner  surface,  as 
shown  schematically  in  Fig.  1. 

The  increase  in  Va  for  a  given  2,  Asup  and  fuel  composition  meant 
that  the  thermal  power  could  only  be  increased  by  increasing  VU}  as 
shown  by  the  following  equation: 


VU,(2) 

vu,0) 


The  behavior  of  the  temperature  profile  for  2  =  1. 4/1.0  kW  and 
2  =  1. 0/1.0  kW  (which  is  shown  using  solid  lines  and  circular  mark¬ 
ers,  respectively,  in  Fig.  6)  was  as  expected.  The  required  thermal 
input  for  a  given  fuel  composition  and  Asup  can  be  achieved  using 
the  following  equation: 


and  because  of  the  high  SL  and  Tad  of  this  high  hydrogen  SG  com¬ 
pared  to  CH4,  variations  in  the  temperature  profile  were  expected. 
However,  the  differences  were  lower  than  expected,  especially  at 
2  =  l.l/1.0kW,  2  =  l.l/1.8kW  and  2  =  1.4/1.0kW.  The  similarities 
in  the  temperature  profiles  could  be  explained  in  terms  of  the  lam¬ 
inar  burning  velocities  and  the  adiabatic  flame  temperatures  of  the 
fuels. 


vain2)  =  A(2)  ^  (5) 

For  a  constant  thermal  input  and  fuel  composition,  an  increase 
in  the  air-to-fuel  ratio  implies  an  increase  in  the  air  flow  rate  ( Vair ) 
and  hence,  an  increase  in  Va.  SL  should  also  decrease,  as  shown  in 
Fig.  8.  Therefore,  the  Vu/SL  ratio  increases  and  the  burner  surface 
temperature  decreases,  as  explained  in  Section  2.1. 
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Fig.  9.  The  radiation  efficiency  of  the  fuels,  the  aeration  rates  and  the  thermal 
inputs. 

3.2.  Radiation  efficiency 

Fig.  9  shows  the  radiation  efficiency  that  was  obtained  under 
the  same  operating  conditions  used  to  analyze  the  temperature 
profile.  In  addition  to  the  radiometer  methodology  presented  in 
Section  2.2,  the  radiation  efficiency  values  calculated  using  Eq. 
(6)  are  presented  to  show  the  correlation  between  the  tempera¬ 
tures  reported  in  Section  3.1  and  the  radiation  efficiencies  obtained 
using  the  radiometer  methodology. 

„  ASuPsa(Tlup  -  T*J 

n«  = - Yo -  (6) 

In  Eq.  (6),  s  is  the  emissivity  of  the  burner  surface  (which  is 
assumed  to  be  equal  to  the  unit  [12]),  o  is  the  Stefan-Boltzmann 
constant,  and  Tsup  was  measured  by  the  thermocouple  placed  at 
the  center  of  the  burner  surface,  as  shown  in  Fig.  3  (T@0  mm). 

The  differences  between  the  efficiencies  determined  using  the 
radiometer  methodology  and  Eq.  (6)  can  be  attributed  to  the  sur¬ 
face  temperature  measured  with  the  thermocouple,  which  does 
not  correspond  to  the  actual  temperature  of  the  solid  phase,  as 
explained  in  Section  2.2,  and  to  neglecting  the  radiation  from  the 
flame.  Additionally,  the  differences  between  methodologies 
increase  as  the  thermal  input  increases.  This  behavior  can  be 
explained  by  the  increase  of  the  radiation  from  the  flame,  which 
is  not  registered  by  the  thermocouple  methodology  and  it  is 
expected  to  increase  because  the  flame  temperature  increases  as 
explained  in  Section  2.1. 

Adding  SG  to  CH4  decreased  the  Vu/SL  ratio,  thereby  increasing 
the  surface  temperature,  as  shown  in  Section  3.1,  and  the  radiation. 
The  radiation  efficiency  increased  on  the  order  of  1.08-3.58  effi¬ 
ciency  points,  corresponding  in  some  cases  (2  =  1.1/2. 5  and  1.4/ 
1.0  kW)  to  an  increase  of  ~66%  relative  to  the  results  obtained 
for  CH4. 


However,  the  increase  in  the  thermal  power  and  the  air-to-fuel 
ratio  considerably  reduced  the  radiation  efficiency,  which  can  be 
explained  by  the  decrease  in  the  surface  temperature  of  the  porous 
media,  as  previously  discussed. 


3.3.  Flame  structure 

Parameters  such  as  the  color,  structure  and  stability  of  the 
flame,  which  depend  on  2  and  Po,  were  observed  and  recorded  with 
a  digital  camera,  as  shown  in  Fig.  10  for  CH4. 

Fig.  10a  shows  that  at  2=  1. 1/1.0  kW,  an  outer  yellow  mantle 
extended  downstream  from  the  flame  front.  This  mantle  was  not 
observed  under  the  other  conditions,  as  shown  in  Fig.  lOb-e  and 
10a;  thus,  it  was  possible  to  observe  a  primary  reaction  zone  close 
to  the  burner  surface.  This  phenomenon  could  be  explained  by  the 
generation  of  a  secondary  reaction  zone  because  of  “ flame  cooling ” 
from  heat  loss  at  the  burner  surface.  This  result  was  consistent 
with  the  other  results  obtained  for  this  operating  condition,  includ¬ 
ing  (a)  the  highest  surface  temperature  reported  in  Fig.  6,  (b)  the 
highest  radiation  efficiency  reported  in  Fig.  9,  (c)  the  lowest  VU/SL 
ratio  reported  in  Table  2  and  (d)  the  increase  in  CO  emissions 
and  the  decrease  in  NOx  emissions. 

The  small  reaction  zone  was  a  very  important  feature  of  the  sur¬ 
face-stabilized  combustion  in  the  porous  media  (Fig.  10)  and  the 
displacement  of  the  reaction  zone  for  increasing  2  and  Po,  espe¬ 
cially  at  2  =  1.1/2.5  1<W  and  2  =  1.4/1.8kW,  as  shown  in  Fig.  10c 
and  e,  respectively. 

Adding  SG  to  CH4  did  not  change  the  appearance  of  the  flame. 
The  color,  stability  and  structure  of  the  flame  were  not  significantly 
altered  when  SG  was  added  to  CH4.  This  result  was  probably 
obtained  because  SL  and  Tad  had  similar  values  for  both  CH4  and 
CH4-SG.  However,  a  slight  change  in  luminosity  was  observed  that 
could  not  be  properly  identified  by  the  conventional  photographic 
register.  Thus,  a  chemiluminescence  photographic  record  of  the 
CH*  radical  was  used. 

The  luminosity  of  a  flame  is  attributed  to  the  emission  of  light 
from  excited  radicals  in  the  reaction  zone.  The  chemiluminescence 
method  can  be  used  to  identify  the  flame  front  with  great  precision 
and  to  determine  the  heat  release  rate  of  a  flame  because  any 
decrease  in  the  temperature  or  “ reactivity ”  of  the  reaction  zone 
involves  a  reduction  in  the  emission  of  chemical  species  [39,40  . 

Fig.  1 1  is  a  top  view  from  the  photographic  records  of  the  inten¬ 
sity  distribution  over  the  wavelength  range  of  the  CH*  radical.  The 
colors  have  been  ordered  from  the  highest  to  the  lowest  intensities 
as  follows:  red,  yellow,  green,  blue-green,  blue  and  black. 

Note  that  to  qualitatively  analyze  these  images,  the  exposure 
times  and  the  maximum  intensity  values  of  the  ICCD  camera  had 
to  be  maintained  constant  because  the  camera  assigned  a  maxi¬ 
mum  value  to  the  point  at  which  the  highest  emission  wavelength 
was  recorded,  and  the  image  collection  was  based  on  this  maxi¬ 
mum  value  to  assign  values  to  the  other  emission  sources.  That 


Fig.  10.  Direct  flame  photographs  for  CH4:  (a)  A  =  1. 1/1.0  kW,  (b)  A  =  1.1/1. 8  kW,  (c)  A  =  1.1/2. 5  kW,  (d)  A  =  1. 4/1.0  kW,  (e)  A  =  1.4/1. 8  kW  and  (f)  A  =  1.4/2. 5  kW. 
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1.8kW 


2.5kW 


Fig.  11.  Top  view  of  the  photographic  record  of  the  intensity  distribution  in  the  wavelength  range  of  the  radical  CH*  for  different  fuels,  aeration  rates  and  thermal  inputs. 


is,  the  same  intensity  scale  was  used  in  this  process  so  that  differ¬ 
ent  images  could  be  compared  to  each  other. 

Fig.  11  shows  that  the  intensity  increased  with  the  thermal 
power  input.  This  result  can  be  explained  by  the  fact  that  increas¬ 
ing  the  power  of  the  thermal  input  decreased  the  heat  transferred 
to  the  burner  surface  (see  Figs.  6  and  9).  Therefore,  the  temperature 
at  the  flame  front  increased,  and  the  total  CH*  emission  intensity 
increased. 

The  increase  in  the  fuel  flow  rate  also  explains  the  increase  in 
the  intensity  of  the  images  for  CH4-SG  relative  to  that  in  the 
images  for  CH4.  Adding  SG  to  CH4  increased  the  reactivity  of  the 
mixture,  as  shown  by  the  increase  in  SL  in  Fig.  8. 

Fig.  11  illustrates  the  instabilities  obtained  for  2  =  1.4/1. 8  kW  for 
both  fuels.  The  image  is  presented  in  gray  scale  so  that  the  instabil¬ 
ities  can  be  more  clearly  visualized.  Fig.  lOe  shows  that  these  insta¬ 
bilities  were  characterized  by  a  cellular  structure,  as  shown  in  the 
top  view,  and  by  a  considerable  detachment  distance,  as  shown  in 
the  side  view. 


flame  temperatures  were  expected  to  be  higher  than  the  CH4-SG 
flame  temperatures.  In  many  practical  applications,  the  oxidation 
of  CO  to  C02  has  been  shown  to  occur  in  the  latter  stages  of  com¬ 
bustion  via  several  chemical  routes  that  are  strongly  temperature- 
dependent.  For  example,  for  a  chemical  route  that  is  known  as  the 
“wet  route”  because  of  the  presence  of  the  OH  radical,  as  shown  in 
Eq.  (7),  the  oxidation  of  CO  depends  strongly  on  the  OH  radical 
concentration  that  is  produced  principally  by  the  branching  reac¬ 
tion  H  +  02  -►  OH  +  O,  which  practically  stops  for  temperatures 
below  1100  K. 

CO  +  OH  ^  C02  +  H  (7) 

However,  the  formation  of  NOx,  particularly  NO,  has  been 
shown  to  be  strongly  temperature-dependent  and  tends  to 
increase  under  slightly  poor  conditions  where  the  flame  tempera¬ 
ture  is  high  and  02  is  available  [41  . 


3.4.  CO  and  NOx  emissions 

Figs.  12  and  13  show  the  pollutant  emissions  (CO  and  NOx)  for 
the  fuels  for  different  air-to-fuel  ratios  (2)  and  thermal  load  inputs 
for  the  surface-stabilized  combustion  burner.  Adding  SG  to  CH4 
increased  the  CO  emissions  and  decreased  the  NOx  emissions  com¬ 
pared  to  those  for  CH4.  At  2=  1.1/2. 5  kW  and  2  =  1.4/1.0kW,  the 
increase  in  the  CO  emissions  and  the  decrease  in  the  NOx  emis¬ 
sions  was  on  the  order  of  100%  and  50%,  respectively.  However, 
the  emission  concentrations  were  very  low  in  both  cases.  This 
behavior  can  be  explained  in  terms  of  the  heat  loss  from  the  flame 
to  the  porous  media,  which  was  higher  for  CH4-SG,  as  evidenced  by 
the  increase  in  the  porous  media  temperature  profile  in  Fig.  6  and 
the  increase  in  the  radiation  efficiency  in  Fig.  9.  Therefore,  the  CH4 
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Fig.  12.  CO  emissions  of  the  stable  flames. 
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Fig.  13.  NOx  emissions  of  the  stable  flames. 


At  A  =  l.l/1.0kW  and  k  =  1.1/1. 8  kW,  the  differences  between 
the  CH4  and  CH4-SG  results  were  small  because  the  flame  temper¬ 
atures  were  very  similar  at  these  conditions,  as  evidenced  by  the 
similarities  observed  for  Tad  (see  Fig.  8),  the  temperature  profiles 
inside  the  porous  media  (see  Fig.  6)  and  the  radiation  efficiencies 
(see  Fig.  9).  These  slight  differences  could  be  attributed  to  the 
reduction  in  the  quantity  of  air  when  SG  was  added  to  CH4. 

The  pollutant  emissions  were  highly  susceptible  to  variations  in 
the  thermal  inputs  and  the  air-to-fuel  ratios.  Similarly,  as  previ¬ 
ously  explained,  decreases  of  up  to  91%  for  CO  emissions  and 
increases  of  up  to  83.93%  for  the  NOx  emissions  resulted  from 
the  increase  in  the  flame  temperature.  These  results  can  be  inferred 
from  Figs.  6  and  9,  which  show  that  the  burner  temperature  profile 
and  radiation  efficiency  decreased  with  increasing  Po  and  2.  There¬ 
fore,  the  reduction  in  the  heat  loss  from  the  flame  to  the  burner 
surface  was  to  be  expected. 

However,  the  high  CO  emission  for  k  =  1.1  at  1.0  kW  can  be 
explained  in  terms  of  the  aforementioned  flame  cooling  hypothe¬ 
sis,  which  resulted  from  the  low  Vu/SL  ratio  that  caused  the  flame 
to  come  into  close  contact  with  the  burner  surface,  thereby 
increasing  the  heat  loss. 

4.  Conclusions 

The  performance  of  a  ceramic  porous  media  burner  operating  in 
a  surface  combustion  mode  was  studied  for  two  different  fuels,  CH4 
and  an  equimolar  mixture  of  CH4  and  a  high-content  H2/CO  syngas. 
The  following  conclusions  can  be  drawn  from  the  results  of  adding 
SG  to  CH4  in  equimolar  proportions. 

•  From  a  macro  perspective  that  includes  the  temperature  profile 
inside  the  porous  media,  the  radiation  efficiency  and  the  flame 
structure,  the  surface-stabilized  combustion  burner  exhibits 
considerable  potential  for  the  interchangeable  use  of  gas  fuels. 
Compared  to  CH4-only  operation,  the  addition  of  SG  affected 
the  temperature  profile  inside  the  porous  media,  the  radiation 
efficiency  and  the  flame  structure.  Differences  in  the  tempera¬ 
ture  profile  and  the  radiation  efficiency  were  observed  for 
2  =  1.1/2.5  1<W  and  k  =  1. 4/1.0  kW.  However,  these  differences 
were  not  noticeable  by  visual  inspection. 

•  CO  emissions  were  found  to  increase  by  —9-107%  and  NOx  to 
decrease  by  31-56%. 

The  following  conclusions  can  be  drawn  from  the  variations  in 
the  thermal  input  and  the  air-to-fuel  ratio. 

•  The  air-to-fuel  ratio  had  a  considerable  effect  on  the  radiation 
efficiency,  the  pollutant  emissions,  the  flame  structure  and  the 
temperature  profile  within  the  porous  media.  An  increase  of 


0.3  points  in  the  air-to-fuel  ratio  decreased  the  temperature 
inside  the  porous  media,  thereby  reducing  the  radiation  effi¬ 
ciency  to  —80%.  This  result  can  be  explained  by  the  increase 
in  the  VU/SL  ratio. 

•  Pollutant  emissions  were  highly  influenced  by  the  thermal 
power  input.  For  the  geometrical  configuration  used  in  this 
study,  increasing  the  thermal  input  decreased  the  CO  emissions 
up  to  -91%  and  increased  the  NOx  emission  up  to  -84%.  This 
result  can  be  explained  by  the  increase  in  the  flame  tempera¬ 
ture  because  of  the  reduction  in  the  heat  losses  from  the  flame 
to  the  burner  surface. 

•  For  optimal  operation  with  low  pollutant  emissions  and  high 
flame  stability,  the  burner  control  system  can  be  used  to  simul¬ 
taneously  vary  the  air-to-fuel  ratio  and  the  thermal  input. 
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